This paper investigates factors affecting injury severity of crashes involving HAZMAT large trucks. It uses the crash data in the state of California from the Highway Safety Information System, from 2005 to 2011. The explanatory factors include the occupant, crash, vehicle, roadway, environmental, and temporal characteristics. Both fixed-and randomparameters ordered probit models of injury severity (where possible outcomes are major, minor, and no injury) were estimated; the random-parameters model captures possible unobserved effects related to factors not present in the data. The model results indicate that the occupants being male, truck drivers, crashes occurring in rural locations, under dark-unlighted, under dark-lighted conditions, and on weekdays were associated with increased probability of major injuries. Conversely, the older occupants (age 60 and over), truck making a turn, rear-end collision, collision with an object, crashes occurring on noninterstate highway, higher speed limit highway (!65 mph), and flat terrain were associated with decreased probability of major injuries. This study has identified factors that explain injury severities of crashes involving HAZMAT, and as such, it could be used by policy makers and transportation agencies to improve HAZMAT transport, and thus, the overall highway safety.
heterogeneity in the data. Lastly, average direct pseudo-elasticities are calculated to determine the net change in the effect of significant variables on the different injury severity levels.
Methodology
There have been numerous studies that examined the relationship between crash factors and injury severity levels using discrete choice models, such as ordered probit/logit models, nested logit models, and multinomial logit models (cf. Savolainen et al., 2011) . Several of these studies have utilized ordered models since the dependent variable (e.g., injury severity) is ordered in nature (e.g., no injury, minor injury, and major injury) (Abdel-Aty, 2003; Duncan et al., 1998; Obeng, 2011; Pai and Saleh, 2008; Quddus et al., 2002; Zhu and Srinivasan, 2011) . Furthermore, compared to other discrete choice models, the differences between the ordinal categories are not assumed to be equal in ordered models (McKelvey and Zavoina, 1975) . For these reasons, an ordered probit model is used to determine the factors that affect injury severity in HAZ-MAT truck crashes. To account for factors that can vary across observations, this study adopts the random-parameters probit model in addition to the standard fixed-parameters model. Examples of the fixed-parameters ordered probit model for analyzing injury severity can be found in the works by Abdel-Aty (2003) and Obeng (2011) , and those of random-parameters ordered probit model can be found in the work by Islam and Hernandez (2013a) .
Following the methodology presented in Washington et al. (2011) , let the variable y Ã be defined as a latent and continuous measure of injury severity for each observation n.
where y Ã = dependent variable; b = vector of coefficients to be estimated; X = vector of explanatory variables (e.g., occupant, crash, vehicle, roadway, environmental, and temporal factors); and e = random error term (assumed to be normally distributed across observations with mean 0 and variance 1).
Under the ordered probit framework and Eq. (1), the observed ordinal data y (i.e., injury severity) for each observation are defined as follows (Washington et al., 2011). y ¼ 1 if y Ã 6 l 0 y ¼ 2 if l 0 6 y Ã 6 l 1 . . .
where l is threshold between two adjacent injury levels that define y and is estimated jointly with the model coefficients b;
and I is the highest integer order injury severity level. The ordered selection probabilities can be calculated as follows (Washington et al., 2011) .
where P n ðy ¼ IÞ is the probability that y is the highest ordered injury severity level at observation n, given a crash occurred;
and UðÁÞ = cumulative normal distribution.
With the consideration of random parameters, it is possible to minimize inconsistent, inefficient, and biased parameter estimates (Washington et al., 2011) . As such, the random-parameters ordered probit model is formulated by considering an error term, which is correlated with the unobserved factors in e. The observation heterogeneity is then translated into parameter heterogeneity as follows (Greene, 2003) .
where c n = randomly distributed term (e.g., a normally distributed term with mean 0 and variance r 2 ). The random parameters of the ordered probit model can be estimated using the simulated maximum likelihood method and using Halton draws to maximize the simulated log-likelihood function (Christoforou et al., 2010) . The functional form of the parameter density function can be either normal, lognormal, triangular, or uniform (Anastasopoulos and Mannering, 2009; Gkritza and Mannering, 2008; Islam and Hernandez, 2013a) .
The estimated parameters from the ordered models are not sufficient to determine the direction and magnitude of the effect of the intermediate crash severity levels. For that reason, elasticity values of the parameters are often used for the interpretation of the effect of the parameters on the probability of the injury severity levels. When the explanatory variables are binary indicator variables (with value 0 or 1), direct pseudo-elasticity are used for each severity level and each observation. The direct pseudo-elasticity for the explanatory variables is computed as follows (Kim et al., 2008) .
where P in is defined by Eq. (3) and X ink is the k-th explanatory variable associated with severity level i for the crash observation n. Then, the average direct pseudo-elasticity is calculated for each injury severity level (Kim et al., 2008) .
Data and empirical setting
The data used in this study consist of seven years of crash records (2005) (2006) (2007) (2008) (2009) (2010) (2011) involving HAZMAT trucks in the state of California, provided by the Highway Safety Information System (HSIS). HSIS provides highway patrol reported data about crashes, and information about occupants, vehicles, and roadways involved in the crash.
The severity of crashes is recorded as one of five injury levels in the HSIS dataset. They are commonly defined using the KABCO injury scale: fatality (K), disabling injury (A), evident injury (B), possible injury (C), and no injury (O). The fatal injury includes crashes which result in death of occupant(s) within 30 days of crash. The disabling injury prevents the injured person from walking, driving, or normal activities the person was capable of performing before the injury. The evident injury includes crashes where injury is evident to observers at the crash location. The possible injury is one where the occupant complains of pain, but it diminishes rapidly from the time of evaluation at the crash location to the time of examination at the hospital. Lastly, the no injury is where the reported crash does not result in any injury. The KABCO injury codes presented in the dataset were consolidated into three levels-major injury (KA), minor injury (BC), and no injury (O)-to ensure that a sufficient number of observations is available in each injury severity level. Similar approach is commonly used by researchers to ensure sufficient sample size for model estimation (e.g., Chen and Chen, 2011; Islam et al., 2014; Milton et al., 2008; Uddin and Huynh, 2017) . The above three injury severity levels were coded in Eqs. (2) and (3) as follows: 1 for major injury, 2 for minor injury, and 3 for no injury.
From the HSIS dataset, 44 factors were selected as explanatory variables due to their availability and suitability in explaining injury severity of HAZMAT truck crashes. These factors were broadly classified into (1) occupant characteristics, (2) crash characteristics, (3) vehicle characteristics, (4) roadway characteristics, (5) environmental characteristics, and (6) temporal characteristics. The observations with missing values were eliminated from the final dataset used for model estimation. Table 1 presents the explanatory variables, which are cross-tabulated with the injury severity levels. The percentages next to the major, minor, and no injury columns are row percentages while those in the last column are column percentages. A few points are worth mentioning from the table. Although the total number of crashes occurring in rural locations was lower than that of urban locations, major injuries were more prevalent in rural locations (15.6% vs. 4.8%). Also, lighting condition variables were found to substantially differ in major injuries to occupants. They were involved in more major injuries under dark-unlighted conditions (15.6%) compared to under daylight (3.1%) and under dark-lighted (8.7%) conditions. The injuries sustained by occupants were more severe in crashes occurring on interstate highways.
The final dataset consists of 1173 observations. Each observation is a crash record that records the injury severity of the most severely injured occupant, along with occupant, crash, vehicle, roadway, environmental, and temporal characteristics. Hence, the dependent variable is the injury severity of the most severely injured occupant of the HAZMAT truck involved in the crash; the occupant could be either the driver or the passenger. As explained, the dependent variable had three levels of injury severity: major injury, minor injury, and no injury. There were 71 observations involving major injury (6.1%), 696 observations involving minor injury (59.3%), and 406 observations involving no injury (34.6%).
Results and discussions
The fixed-parameters ordered probit model was estimated using the maximum likelihood method, and the randomparameters model was estimated using the simulated maximum likelihood method. The statistical software NLOGIT (version 5) was used to estimate both models. During the model development process, variables were retained in the specification if they have t-statistics corresponding to the 90% confidence level or higher on a two-tailed t-test. This study considered the normal, lognormal, triangular, and uniform distributions for the random parameters. However, only the normal distribution was found as statistically significant. Hence, the normal distribution was used in the random-parameters model. Two hundred Halton draws were utilized, which has been found to produce accurate parameter estimates by other researchers (Islam and Hernandez, 2013a,b; Milton et al., 2008; Pahukula et al., 2015) . In case of random-parameters model, the parameters were retained if their standard deviations have t-statistics corresponding to the 90% confidence level or higher. Furthermore, to avoid the inclusion of highly correlated variables in the model, a correlation matrix was estimated and the results indicate that none of the variables have a correlation value of more than ±0.20. Table 2 summarizes the estimation results for both fixed-and random-parameters ordered probit models along with average direct pseudo-elasticities of the parameters. Note that elasticities were calculated from the random-parameters model results. A negative coefficient for an explanatory variable indicates that if the variable is true (i.e., has value 1), it will result in increased injury severity while all other variables remaining constant, since higher injury severity has lower order in the data. Six parameters, older occupant (60 and over), male occupant, rural location, dark-unlighted, dark-lighted, and higher speed limit (!65 mph), were found to be random with statistically significant standard deviations.
Once the models were developed, a likelihood ratio test was performed to check the suitability of separate models for single-and multi-vehicle crashes over one aggregate model as follows (Washington et al., 2011) . 2 distributed, with degrees of freedom equal to the summation of the number of estimated parameters in both single-and multi-vehicle crash models minus the number of estimated parameters in the full model. The null hypothesis here is that there is no difference in the parameter values between the full model and separate models. The test statistic with 21 degrees of freedom resulted in a value less than the critical value at the 90% confidence level (v 2 = 29.62), indicating that the single-and multi-vehicle models do not have statistically different parameters.
Model comparison
Following the methodology articulated in Washington et al. (2011) , a likelihood ratio test was performed to compare the fixed-and random-parameters ordered probit models. The null hypothesis of the test is that the fixed-parameters model is statistically equivalent to the random-parameters model. The likelihood ratio is as follows (Washington et al., 2011 hypothesis is rejected, which indicates the validity of the random-parameters model over the corresponding fixedparameters model. Additionally, to compare the goodness-of-fit of the models, Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC), Pseudo R-square (R 2 ) were computed. Given the both models fit on the same dataset, the model with lower AIC and BIC, and higher R 2 is considered to outperform the other one. the random-parameters model has a better fit than the fixed-parameters model.
Occupant characteristics
Considering the specific estimation results presented in Table 2 , older occupant (age 60 and over) was found as a significant factor for crash injury severity. This parameter is random and normally distributed, with a mean 0.58 and a standard deviation 2.00. Given these estimates, 38.6% of the observations have parameter values less than 0 and 61.4% greater than 0. This implies that for more than half of the observations, older occupants were found to be involved in less severe injuries. The elasticities demonstrated a 101.1% decrease in major injuries, 21.2% decrease in minor injuries, and 101.8% increase in no injuries for the older occupants. The occupant age variable being significant with random parameter suggests that there is unobserved heterogeneity in HAZMAT involved crashes, may be due to the underreporting of the level of injury severity by highway patrol officers (Duncan et al., 1998) . Islam and Hernandez (2013a) found that occupants aged between 55 and 65 were more likely to be severely injured. Uddin and Huynh (2017) found that truck occupants of the above age range had higher probability of minor injuries under daylight, and had lower probability of major and minor injuries under darklighted conditions in rural locations.
Male occupant variable was found to be random and normally distributed with a mean À0.06 and a standard deviation 0.49. The estimates suggest that for 54.9% of the observations the parameter values were less than 0. This suggests that slightly more than half of the observations resulted in more severe injuries to male occupants and slightly less than half resulted in less severe injuries. This finding is contrary to that of Abdel-Aty (2003) and Islam and Hernandez (2013a) , and it is due to the fact that male occupants had higher proportion of major injuries than female in the sample (9.4% for male and 1.4% for female). The likelihood of major injuries for male occupants was found to increase by 18.0% and the likelihood of no injuries was found to decrease by 8.5%.
The occupant being the driver was found to result in more severe injuries. In fact, being the driver had the highest effect on the crash severity outcomes. The probability of major injury for a driver was increased by 908.7%, the probability of minor injury was increased by 59.9%, and the probability of no injury was decreased by 297.1%. Zhu and Srinivasan (2011) reported that older, African-American, and taller truck drivers are vulnerable to more severe injury crashes. Chen and Chen (2011) found that the likelihood of older truck drivers being involved in a incapacitating/fatal injury increases with singlevehicle crashes and decreases with multi-vehicle crashes.
Crash characteristics
Rear-end collisions were less likely to result in severe injuries to occupants. The probability of major injuries was found to decrease by 141.6% and the probability of no injuries was found to increase by 84.4% in rear-end collisions. This finding is intuitive since rear-end collisions mostly cause vehicle structural damages. Also, this finding is consistent with the study by Uddin and Huynh (2017) ; they found that rear-end collisions decreased the probability of minor injuries under urban darkunlighted conditions and possible/no injuries under urban dark-lighted conditions. When a truck hits an object, occupants were less likely to sustain severe injuries. Specifically, the occupants were associated with a decrease in the risk of major injuries by 100.1% and an increase in the risk of no injuries by 84.7%. Khorashadi et al. (2005) reported that truck hitting an object decreased the probability of severe injuries for drivers by 34%. Islam et al. (2014) found that the chance of major injuries for drivers in both rural single-and rural multi-vehicle crashes increased when a truck hit an object. Uddin and Huynh (2017) found that hitting an object decreased the probability of minor injuries for occupants under rural dark-lighted, urban daylight, and urban dark-lighted conditions.
The variable indicating crashes occurring in rural locations was found as significant with a random parameter that is normally distributed with a mean À0.53 and a standard deviation 1.90. This implies that 61.0% of the observations have parameter values less than 0 and 39% greater than 0. For more than half of the observations where crashes occurred in rural locations occupants had more severe injuries. The crashes in rural locations were associated with higher likelihood of major injuries (303.3%) and lower likelihood of no injuries (68.2%) for occupants compared to that of urban locations. One possible explanation could be the fact that emergency response time is slower in rural areas. This finding is in line with the findings of Chang and Mannering (1999) and Islam and Hernandez (2013b) .
The findings from the analysis for lighting condition variables are intuitive. The elasticity results indicate that the probability of major injuries for occupants increased under both dark-unlighted (370.7%) and dark-lighted (291.7%) conditions. Under dark conditions, roadway visibility is lower, which may increase the chance of collisions. These findings related to lighting variable are consistent to that prior truck safety studies (Cerwick et al., 2014; Duncan et al., 1998; Islam and Hernandez, 2013b; Khorashadi et al., 2005; Zhu and Srinivasan, 2011) . The parameter for dark-unlighted condition was found as random and normally distributed with mean À0.54 and standard deviation 1.65. Given these estimates, 62.8% of the observations under dark-unlighted conditions were found to be involved in more severe injuries and 37.2% in less severe injuries to the occupants. Also, the parameter for dark-lighted condition was found as random and normally distributed with a mean À0.52 and a standard deviation 1.14. This implies that 67.6% of the observations under dark-lighted conditions were found to be involved in more severe injuries and 32.4% in less severe injuries to the occupants.
Vehicle characteristics
HAZMAT crashes, where a truck was making a turn, were found to be associated with decreased likelihood of major injuries (110.6%) and increased likelihood of no injuries (100.5%) for occupants. One possible reason could be the fact that trucks generally slow down while making a turn. Thus, the chance of high-impact collision reduces. Khorashadi et al. (2005) reported that when a truck was making a turn the probability of fatal injuries for drivers decreased by 87.2%. Chang and Mannering (1999) found that the probability of possible injuries for occupants increased during right turns, and the probability of property damage only and possible injuries decreased during left turns.
Roadway characteristics
For crashes occurring on non-interstate highways, the likelihood of major injuries decreased by 112.9% and the likelihood of no injuries increased by 46.7% for the occupants. This may be because of lower traffic volume on non-interstate highways. However, this finding is contrary to that of Zhu and Srinivasan (2011) .
Higher speed limit (!65 mph) variable was found as random and normally distributed with a mean 0.24 and a standard deviation 0.42. Given these estimates, 28.4% of the observations have parameter values less than 0 and 71.6% greater than 0. This implies that majority of the observations had less severe injuries to the occupants when crashes occurred on highways with higher speed limit. Specifically, the likelihood of major injuries for occupants decreased by 81.6% and the likelihood of no injuries increased by 35.4%. One possible explanation could be that drivers are more cautious in high speed limit highways, especially the drivers of HAZMAT trucks. This result is consistent with prior findings (Chang and Mannering, 1999; Zhu and Srinivasan, 2011) .
Environmental characteristics
Among environmental characteristics considered, only flat terrain variable was significant. It was found that HAZMAT crashes occurring on flat terrain had lower probability of major injuries (158.0%) and higher probability of no injuries (53.9%) to the occupants. This could be explained by high visibility on flat terrain, which in turn helps drivers to make last second maneuvering (if necessary) and to avoid impending collisions.
Temporal characteristics
HAZMAT truck crashes occurring during weekdays were found to be more severe than weekend crashes. The likelihood of major injuries for occupants increased by 90.5%, while the likelihood of no injuries decreased by 50.9%. One possible reason could be the fact that roadways carry higher volumes of traffic during weekdays and consequently higher chance of trucks being involved in crashes in general. This finding is in line with the finding of Islam and Hernandez (2013a) .
Conclusions
This paper analyzed injury severity of crashes involving HAZMAT large trucks in the state of California through the development of fixed-and random-parameters ordered probit models using crash data from 2005 to 2011. Three severity levels based on the injury severity sustained by the occupants were defined: major injury, minor injury, and no injury. The randomparameters model was developed to account for unobserved effects related to occupant, crash, vehicle, roadway, environmental, and temporal factors not present in the data. The results showed a consistent pattern for the sign of the variables in both the fixed-and random-parameters models. However, a likelihood ratio test suggested that the randomparameters model is statistically superior than the fixed-parameters model.
The results of the analyses identified several risk factors at occupant, crash, vehicle, roadway, environmental, and temporal levels that contribute to injury severity. The occupants being male, truck drivers, crashes occurring in rural locations, under dark-unlighted, under dark-lighted conditions, and on weekdays were associated with increased probability of major injuries; these findings can be used to develop policies to reduce risk of injuries from HAZMAT truck-involved crashes. In contrast, the older occupants (age 60 and over), truck making a turn, rear-end collision, collision with an object, crashes occurring on non-interstate highway, higher speed limit highway (!65 mph), and flat terrain were associated with decreased probability of major injuries. This study has several limitations which should be taken into account when applying the findings. The first is that the crash data came from a single U.S. state. Second, the factors investigated were limited to those available in the HSIS database. The findings would be more generalizable if the dataset had crashes from multiple states and could be linked to other data-bases. Lastly, the findings from this study cannot be used to make recommendations or develop policies specifically for HAZMAT-designated routes.
